Introduction
Morphine is commonly prescribed for clinical treatment of neuropathic pain. However, tolerance to its narcotic analgesic effects seriously limits its clinical utility for chronic pain treatment. Although neuropathic pain can be relieved by increasing doses of morphine, the side effects also increase. Changes in dorsal root ganglia (DRG) neuron responses lead to morphine tolerance, 1 and it is clinically challenging because of its complex mechanism. Therefore, clarifying the molecular mechanisms is an important goal.
Altered pain-related gene expression or signaling pathways, likely involving epigenetic modification, 2 are probable mechanisms involved in the long-term effects of morphine therapy. 3 Thus, investigation of epigenetic modifications may lead to better understanding of morphine tolerance. Non-coding RNAs mediate epigenetic modification and chronic neuropathic pain, 4, 5 and microRNAs (miRNAs) are one class of noncoding RNA that may inhibit messenger RNA (mRNA) translation or promote mRNA degradation via binding to mRNA 3′-untranslated regions (3′-UTRs). 6 Previous studies have shown downregulation of miRNA (miR-96, miR-182 and miR-183) levels in rat DRG with pain, 7 whereas considerable increases of miR-21 level occur in DRG after
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li et al various types of peripheral nerve injury. 8 These results indicate that miRNAs play vital roles in modulating pain. Recent studies examined the functions of let-7 following high opioid doses to regulate analgesic tolerance via targeting the µ-opioid receptor.
9,10 miR-16 could mediate posttranscriptional regulation of µ-opioid receptor in CEM ×174 cells. 11 Several other miRNA levels were detected after opioid administration, such as miR-103, 12 miR-133b 13 and miR-339. 14 However, although most of these miRNAs affect tolerance via targeting the opioid receptors, it is unclear whether miR-375 is similarly involved in modulating narcotic actions.
Neuropathic pain involves various signaling pathways, such as the Janus kinase (JAK)/signal transducer and activator of transcription 3 (STAT3) pathways, which can be activated following peripheral nerve injury. 15 Additionally, STAT3 expression is widely activated after nerve injury and leads to neuroinflammatory responses. 16 Rapid and lasting activation of the JAK2/STAT3 pathway can induce neuropathic pain. 17 Moreover, miR-375 can target JAK2 and inhibit the JAK2/STAT3 pathway in Helicobacter pylori-induced gastric tumors to decrease cell migration and proliferation. 18 Serum miR-375 is a biomarker of acute pancreatic injury in rats, 19 and enhances bone marrow-derived progenitor cell-mediated myocardial repair and function after myocardial infarction by binding with interleukin-10. 20 However, whether miR-375 could target JAK2 and regulate morphine tolerance via blocking the JAK2/STAT3 pathway remains unclear.
Brain-derived neurotrophic factor (BDNF) is synthesized in DRG neurons and is a member of the neurotrophin family. It is transported anterograde to the central terminals of the spinal dorsal horn, where transduction of pain inputs is modulated. 21 Expressions of BDNF mRNA and protein are dramatically changed in the DRG after peripheral inflammation and nerve injury. 22, 23 However, the relationship of miR-375 and DRG-derived BDNF in the development of morphine tolerance is poorly understood. In the present study, a mouse model of narcotic tolerance was induced by repeated subcutaneous (s.c.) injections of morphine. In addition, miR-375 levels were negatively correlated with morphine tolerance, whereas JAK2 expression in DRG was positively correlated with tolerance. Gain and loss of tolerance experiments were further performed, showing that ectopic expression of miR-375 or decreasing JAK2 expression could significantly ameliorate the progression of morphine tolerance via injection with miR-375 agomir or small-interfering RNA (siRNA) against JAK2. More importantly, the BDNF production, which is characterized by the mature BDNF expression, was modulated by altered expression of miR-375 or JAK2 in both naïve and morphine-tolerant mice. Our results demonstrate that miR-375 could delay morphine tolerance via blocking the JAK2/STAT3 pathway. Therefore, this study was designed to examine the effects of miR-375 on morphine tolerance in mouse DRG by targeting the JAK2/STAT3 pathway.
Materials and methods animals
All animal experiments were performed with the approval of the Ethics Committee for Animal Experimentation of the People's Hospital of Henan Province. Eight to 10 weeks of male CD-1 mice were purchased from the medical center of Yangzhou University. These mice were housed in a pathogenfree facility and were acclimated to the new environment for a week before surgery. All experiments were conducted in accordance with the National Institutes of Health guidelines, and great efforts were made to minimize the amount of animals used and their suffering.
Morphine analgesic tolerance models
Morphine was purchased from Hospira, which was freshly prepared in saline. The procedure was referred to the previous study. 24 Briefly, for testing acute tolerance, single morphine (100 mg/kg, s.c.) was injected into mice and after 24 h, again a single morphine (20 mg/kg, s.c.) was injected to elicit acute morphine tolerance for 2 h. For testing chronic tolerance, mice were treated with morphine (20 mg/kg, s.c.) twice a day at 12 h intervals.
Behavioral tests
The hot-plate test was performed to evaluate the thermal antinociceptive behavior, and thus, to examine the morphine tolerance. The detailed procedure was referred to the aforementioned study. 4 The percentage of maximum potential efficiency (MPE%) was calculated by this following formulation: MPE% = (drug response latency − basal latency)/ (30 s − basal latency) × 100%. In addition, Hargreaves' test was also carried out to assess paw withdrawal latency (PWL) according to the classical protocol. 
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miR-375 could ameliorate morphine analgesic tolerance 5 μL) was delivered via intraganglionic (i.g.) injection into the right L4-L5 DRGs. For i.t. injection, intraspinal puncture was performed with a 30-gauge syringe needle between the L5 and L6 interspace to deliver the drug. The correct subarachnoid positioning of the needle tip was verified by a tail-or paw-flick response. For i.g. injection, the paraspinal muscles and tissues were removed in order to identify the intervertebral foramen. The right L4 and L5 DRGs were exposed, and 5 μL of miR-375 antagomir or NC was injected into each DRG following wound closure. Motor function was also evaluated at 2 min before behavioral test. Mice with movement disorders were ruled out.
qRT-PcR
Total RNA was extracted from DRG or spinal cord using Trizol reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer's instructions. Then total RNA was reverse transcribed into complementary DNA using GoScript™ Reverse Transcription System (Promega Corporation, Fitchburg, WI, USA) and miRNA Reverse Transcription System (Haigene, Harbin, People's Republic of China) according to the standard procedures. The mRNA expression and miRNAs levels were examined following the protocols of SYBR Premix Ex Taq TM kit (Takara Bio, Inc., Otsu, Shiga, Japan) on an ABI Prism 7500 Detection System (Applied Biosystems, Inc., Waltham, MA, USA). Each reaction was performed in triplicate. mRNA expression was normalized to GAPDH expression, and U6 was used for internal reference of miR-375 level. The relative gene expression levels were analyzed via a 2 -ΔΔc t method.
Western blot
The detailed procedure was referred to the previous study.
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The anti-JAK2 (sc-34479) and anti-STAT3 (sc-293151) antibodies were purchased from Santa Cruz. p-STAT3 (Cat #9145) was purchased from Cell Signaling Technology, and anti-BDNF (ab205067) and anti-β-actin (ab8227) were purchased from Abcam. Blots were washed and incubated with a peroxidase-conjugated antibody, and chemiluminescence was detected using an enhanced chemiluminescence kit (Tanon, Shanghai, People's Republic of China) following by visualization using the Detection System (Tanon). Protein expression levels were quantified by density analysis using Quantity One Software and normalized to β-actin.
Statistical analysis
All data were presented as mean ± standard error of the mean, and all statistical analysis were carried out by GraphPad Prism 5. The miRNA level and protein expression were examined by one-way analysis of variance (ANOVA). Changes in behavioral response were evaluated using twoway ANOVA. Pearson's correlation was used for the linear correlation analysis. *P<0.05 or **P<0.01 was considered to be significant.
Results
miR-375 level was downregulated and negatively correlated with JaK2 expression in DRg after chronic morphine treatment
To investigate whether miR-375 was involved in the regulation of morphine tolerance, quantitative real-time polymerase chain reaction (qRT-PCR) was used to detect the miR-375 level in DRG after repeated morphine treatment (20 mg/kg, s.c.). Although miR-375 was downregulated in a time-dependent manner in DRG ( Figure 1A ), the miR-375 level in the dorsal horn of the spinal cord was unaffected ( Figure 1B ). Based on the previous report that miR-375 could target JAK2 in H. pylori-induced gastric carcinogenesis, 18 we assumed that the interaction between miR-375 and JAK2 existed in DRG after repeated morphine treatment. As shown in Figure 1C and D, JAK2 expression levels were also upregulated in a time-dependent manner in DRG after repeated injection of morphine but not changed in the dorsal horn of the spinal cord ( Figure 1E and F). Meanwhile, JAK2 expression was negatively correlated with the miR-375 level ( Figure 1G ). In addition, miR-375 and JAK2 expression levels were detected after a single 100 mg/kg (s.c.) morphine injection following a single 20 mg/kg (s.c.) morphine injection at 24 h. The results of Figure 1H -L showed that neither miR-375 nor JAK2 expression levels were altered in the DRG or the dorsal spinal cord. Therefore, our results suggested that miR-375 modulated morphine tolerance and was negatively correlated with JAK2 expression in DRG.
ectopic expression of miR-375 or JaK2 is involved in chronic morphine tolerance From day 1, robust analgesia was produced by the repeated morphine injection. Morphine exerted an antinociceptive effect until day 8, which is evaluated by MPE% compared with the control groups ( Figure 2A ). However, from days 4 to 8, the increased MPE% of morphine declined gradually, indicating that tolerance to morphine was developing Figure 2B ). The MPE% did not change in the control groups. Moreover, the miR-375 level was positively correlated with the MPE% of morphine ( Figure 2C ). On the contrary, JAK2 expression was negatively correlated with the MPE% ( Figure 2D ). In addition, we investigated the antinociceptive effects of upregulation of miR-375 or downregulation of JAK2 on morphine-tolerant behaviors. miR-375 agomir or JAK2 siRNA was delivered i.t. once daily along with the second, fourth and sixth morphine injection. The behavioral results demonstrated that repetitive i.t. injection of miR-375 agomir remarkably impaired MPE%, leading to progressive reduction from days 4 to 8 after morphine treatment compared with the NC-treated groups, which did not alter the declined MPE% of morphine-injected mice ( Figure 2E ). Additionally, after sustained morphine injection, the morphine tolerance was also delayed by the i.t. injection of JAK2 siRNA characterized by reduction from days 5 to 7 ( Figure 2F ). These results indicate that upregulation of miR-375 level or downregulation of JAK2 expression could ameliorate the morphine tolerance. Here, we further investigated whether miR-375 could regulate BDNF expression in the DRG of morphine-tolerant mice. The expression levels of BDNF were significantly increased in a time-dependent manner in DRG but not in spinal cord ( Figure 3A-E) . Moreover, we found that the increased BDNF expression was also inhibited by JAK2 siRNA treatment ( Figure 3F ), and that injection of miR-375 agomir could further inhibit the expression of BDNF ( Figure 3G and H). Also, JAK2 expression was inhibited whether or not morphine treatment was provided ( Figure 3H and I), which confirmed the interaction between miR-375 and JAK2. Collectively, our results demonstrate that upregulation of miR-375 level or downregulation of JAK2 expression inhibits morphine-induced BDNF expression in the DRG of morphine-tolerant mice. Abbreviations: BDnF, brain-derived neurotrophic factor; DRg, dorsal root ganglia; mRna, messenger Rna; nc, negative control; JaK2, Janus kinase 2; qRT-PcR, quantitative real-time polymerase chain reaction; sD, standard deviation; siRna, small-interfering Rna. We further investigated whether the downregulation of miR-375 level could trigger hyperalgesia via i.g. injection of miR-375 antagomir into the naïve mice. This behavior was then tested. As shown in Figure 4A and B, injection with miR-375 antagomir significantly decreased miR-375 levels in DRGs and thus attenuated the PWL lasting for 5 days.
Meanwhile, JAK2 expression was increased with miR-375 antagomir treatment at days 2 and 5 ( Figure 4C and D) . However, coadministration of JAK2 siRNA either before ( Figure 4E ) or after ( Figure 4F ) miR-375 antagomir injection could attenuate the inhibitory effects by miR-375 antagomir on PWL. In addition, BDNF expressions were significantly increased in DRGs after co-administration of JAK2 siRNA either before ( Figure 4G and H) or after ( Figure 4I and J) miR-375 antagomir injection, which was significantly inhibited by JAK2 siRNA treatment. More notably, the hyperalgesia induced by miR-375 antagomir was also reversed by tyrosine receptor kinase B-Fc treatment, which is a scavenger of .01 vs. nc + miR-375 antagomir. Abbreviations: BDnF, brain-derived neurotrophic factor; JaK2, Janus kinase 2; mRna, messenger Rna; nc, negative control; PBs, phosphate buffered saline; qRT-PcR, quantitative real-time polymerase chain reaction; siRna, small-interfering Rna; sD, standard deviation; sTaT3, signal transducer and activator of transcription 3; TrkB-Fc, tyrosine receptor kinase B-Fc. Figure 4K ). 12 We further detected the expression of STAT3 and phosphorylated STAT3 (p-STAT3) after injection with miR-375 antagomir. Western blot analysis showed that miR-375 antagomir treatment increased the expression of p-STAT3 but had no effect on STAT3 expression in the DRG after 3 or 5 days ( Figure 4L ). Therefore, our results indicate that miR-375 could ameliorate morphine tolerance partly depending on the JAK2/STAT3 pathway.
Discussion
Morphine has been utilized for relieving pain in humans for past many centuries. Nevertheless, long-time use of morphine may lead to adverse effects like analgesic tolerance. 27 Endogenous morphine has been proved to be involved in regulating metabolic homeostasis and energy production. 28 However, the concrete cellular mechanisms of morphine tolerance remain unclear. This study focused on this unknown mechanism.
miRNAs have been proved to be posttranscriptional repressors that inhibit target gene expression via translation inhibition or mRNA degradation. As crucial modulators, these could control neurophysiological processes, including neural development, 29 synaptic plasticity 30 and morphineinduced analgesic tolerance. 3 Increasing studies indicate that dysregulation of miRNAs contributes to pain-related gene or pathway alterations, and thus, influences the development and maintenance of pain processes.
14 This evidence suggests that miRNAs represent potential therapeutic or diagnostic targets for pain prevention and relief.
Here, we focused on the roles of miR-375 in the development of morphine tolerance in the DRG for the following reasons: 1) Morphine tolerance is a type of hyperalgesia that has similar but distinct mechanisms to inflammatory or neuropathic pain, especially in the peripheral nervous system. 31, 32 2) BDNF is mainly synthesized within DRG neurons and acts as a neuromodulator between DRG neurons during inflammatory and neuropathic pain. 22 3) As nociceptive responses are modulated largely in the DRG, investigating the roles of miRNAs in the DRG could further elucidate the mechanisms of pain modulation. Our study found that miR-375 was downregulated in DRG after chronic morphine treatment, and ectopic expression of miR-375 could modulate morphine tolerance characterized by induced spinal neuronal sensitization and pain behavior, suggesting that downregulation of miR-375 might be a potential biomarker for morphine tolerance. Our results also revealed that miR-375 could inhibit JAK2 expression and decrease BDNF expression dependent on JAK2 expression, indicating that JAK2 served as a miR-375 target, which is consistent with the previous study. 18 These parallel findings on the interaction of miR-375 and JAK2 could be viewed as the common mechanism between morphine tolerance and inflammation. Moreover, inhibiting JAK2 expression could exert similar effects as upregulating miR-375 level, which demonstrates that the JAK2/STAT3 pathway could be a critical regulator of morphine tolerance. Further study in this work proved that miR-375 could modulate the JAK2/ STAT3 pathway in the spinal cord after morphine treatment, and that blocking the JAK2/STAT3 pathway could attenuate the inhibitory effects of miR-375 antagomir on BDNF expression, proving that miR-375 exerts its effects partly via the JAK2/STAT3 pathway. Interestingly, we did not find any expression change of miR-375 in the DRG following establishment of acute morphine tolerance, which suggests that different mechanisms might exist for acute and chronic morphine tolerance. Notably, although downregulation of miR-219 has been shown to enhance the BDNF expression in mouse DRG that mediates morphine tolerance, 14 further studies are needed to investigate whether upregulation of miR-375 and miR-219 levels exerts additive or synergistic effects in mouse DRG.
BDNF is largely expressed in pain-related neural regions, including the DRG and spinal dorsal horn, and is correlated with the development of pathological pain. 30 BDNF may modulate synaptic transmission in the spinal cord, 23 and inhibition of BDNF expression may decrease hyperalgesia caused by nerve injury. 33 Here, BDNF expression was found to be increased in the DRG after chronic morphine treatment.
Conclusion
In summary, our results are consistent with the hypothesis that DRG-derived BDNF is a functional downstream marker of miR-375/JAK2-mediated morphine tolerance.
Overall, our results document, for the first time, the role of miR-375/JAK2 signaling in the development of chronic morphine tolerance. This study indicates that miRNA-375 could negatively target JAK2 to suppress BDNF expression, thus blocking the development of tolerance, which could make it a potential target mechanism or strategy for longterm maintenance of the therapeutic response to stable doses of narcotic analgesics.
